Abstract Bacillus thuringiensis (Bt) toxin receptors play important roles in the killing of pests, and investigation on characterization of the receptors is essential for utilization of Bt and management of insect resistance. Here, recombinant and mosaic receptors of Bt Cry1Ac toxin from Helicoverpa armigera were expressed in Spodoptera litura Sl-HP cells and their influences on cytotoxicity of activated Cry1Ac toxin were investigated. When H. armigera aminopeptidase N1 (APN1), alkaline phosphatase 2 (ALP2) and cadherin fused with or without GFP tag were, respectively, expressed in Sl-HP cells, live cellimmunofluorescence staining detection revealed that the quantity of the toxin binding to cadherin or cadherin-GFP was much more than that binding to ALP2 and APN1 or their fusion proteins with GFP, and only the cadherin-or cadherin-GFP-expressing cells showed aberrant cell morphology after the treatment of the toxin at low concentrations. ALP2 and APN1 fused with or without GFP tag did not significantly enhance the cadherin-mediated cytotoxicity of the toxin. The mosaic ALP-TBR-GFP-GPI was located on cell membrane, but did not bind to the toxin. The mosaic truncated cadherin-GFP-GPI was not located on cell membrane even if the signal peptide was sustained. The concentrations of the toxin resulting in swelling of 50 % cells for noncadherinexpressing Sl-HP cells and cadherin-expressing Hi5 cells were 5.08 and 9.50 lg/ml within 1 h, respectively. Taken together, our data have indicated that the binding affinity of ALP2 and APN1 to activated Cry1Ac toxin is much weaker than that of cadherin and both ALP2 and APN1 do not enhance the cytotoxicity of the toxin even though cadherin is coexpressed, and the mosaic receptor of ALP2 inserted with cadherin toxin binding domain does not mediate cytotoxicity of the toxin. In addition, the noncadherinexpressing Sl-HP cells are more susceptible to activated Cry1Ac than the cadherin-expressing Hi5 cells.
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Keywords Bacillus thuringiensis Á Cadherin Á Aminopeptidase N Á Alkaline phosphatase Á Trichoplusia ni Introduction Helicoverpa armigera (Hübner, 1805), a polyphagus pest, is an important economic insect damaging many crops. Bacillus thuringiensis (Bt) is a gram-positive soil bacterium that produces crystalline inclusions composed of proteins known as Cry toxins that are toxic to the larvae of different insect orders and a few other invertebrates. The insecticidal protein Cry1Ac produced by Bt is extremely effective against the pest H. armigera (Wu et al. 2008; Lu et al. 2012) . When H. armigera was fed on the insecticidal protein, the protoxin is digested by larval midgut proteases to release the activated Cry toxin that then binds specifically to its receptors on the midgut epithelial cell. The Cry1Ac binding to specific receptors is the critical step of Cry1Ac toxic activity (Schnepf et al. 1998) .
To date, there are two main models for the action of Cry1Ac on midgut cells. A current model is that Cry1Ac toxin first binds to cadherin and oligomerizes, then binds to glycosyl-phosphatidylinositol (GPI)-anchored aminopeptidase N (APN) and GPI-anchored alkaline phosphatase (ALP). An alternative model proposes the activation of intracellular signaling pathways via binding of the toxin monomer to cadherin without the need of the toxin oligomerization step to cause cell death (Pigott and Ellar 2007; Zhang et al. 2005; Aimanova et al. 2006) .
Insect cell lines have been widely used in entomological research. A direct approach is to test whether Cry toxin-resistant cell lines can be made susceptible by expressing putative toxin receptors. The cadherin, a receptor of Cry1Ac, which was expressed in Trichoplusia ni (Hübner) Hi5 and Spodoptera frugiperda (Smith J.E.) Sf9 cell lines, has been demonstrated that the expressed recombinant cadherin functions as the receptor of activated Cry1Ac in the tested cell lines (Zhang et al. 2005; Aimanova et al. 2006; JuratFuentes and Adang 2006) . However, Garner et al. (1999) reported a controversial result for the in vitro assays of APN1 which mediated the toxicity of activated Cry1Ac in vivo. They expressed APN1 from Lymantria dispar in Sf9 cells, but did not observe any cytotoxicity at Cry1Ac concentrations in range of 0.2-50 lg/ml because the binding affinity between Cry1Ac and Sf9-expressing APN1 is much lower than that of the native protein (Garner et al. 1999) . APN from Heliothis virescens was also tested for its ability to confer toxin susceptibility and was expressed in Drosophila S2 cells. While it has been demonstrated that Cry1Ac could bind to APN on the surface of intact cells and no cytotoxicity was observed at a toxin concentration of 30 lg/ml (Banks et al. 2003) . However, Sivakumar et al. (2007) reported that Sf21 insect cells expressing H. armigera HaAPN1 displayed aberrant cell morphology upon overlaying with activated Cry1Ac protein at 3.75 lg/ml in PBS during the period of 5 h. Down-regulating expression of Ha-APN1 by RNA interference using double-stranded RNA correlated with a corresponding reduction in the sensitivity of HaAPN1-expressing cells to activated Cry1Ac protein (Sivakumar et al. 2007) .
In H. armigera, the receptors of the Cry1Ac such as cadherin, ALPs and APNs have been reported, but it is not well documented whether the receptors could mediate the cytotoxicity of the activated Cry1Ac to cultured insect cells expressing or co-expressing these proteins, and comparison of their binding affinity to activated Cry1Ac in vitro is also required under the same experimental condition (Ning et al. 2010; Rajagopal et al. 2003; Zhang et al. 2009; Ingle et al. 2001; Wang et al. 2005a; Liao et al. 2005; Upadhyay and Singh 2011; Zhang et al. 2012) . In this study, we constructed a series of plasmids expressing ALP2, APN1 and cadherin from H. armigera to investigate the binding of activated Cry1Ac to the recombinant receptors and the influences of single receptor, or the co-expressed two receptors on the cytotoxicity of activated Cry1Ac to Spodoptera litura (Fabricius, 1775) Sl-HP cells (Zhang et al. 2008 ). In addition, two types of mosaic proteins resulting from H. armigera ALP2 and cadherin were obtained, and their conferring cytotoxicity of activated Cry1Ac to Sl-HP cells was also assayed.
Materials and methods

Cells and activated Cry1Ac toxin
Spodoptera litura Sl-HP and Trichoplusia ni TN5B1-4 (Hi5) cells (Life Technologies Co., Carlsbad, CA) were stored in our laboratory (Zhang et al. 2008) . The cells were grown in Grace , s insect cell medium (Life Technologies Co., Grand Island, NY, USA) supplemented with 10 % fetal bovine serum (FBS) (Life Technologies Co., Australia) at 28°C. The purified, Transient expression of the recombinant and mosaic receptors in insect cells
The plasmids containing H. armigera ALP2 (GenBank accession number: EU729323.1), APN1 (GenBank accession number: AF441377) or cadherin (GenBank accession number: AF519180) gene were constructed by us. PCR was conducted to amplify ALP2, APN1 and cadherin genes with appropriate cleavage sites of restriction enzymes using the plasmid DNAs as templates and the specific primers in Table 1 . The ALP2, APN1 and cadherin genes were inserted into the modified pIE 2 expression vector, respectively. The pIE2 plasmid was from pEGFP-C1, the cytomegalovirus (CMV) promoter was replaced with IE2 promoter from the plasmid pIZ-V5/His (Invitrogen), and the gene of the enhanced green fluorescence protein (EGFP) was deleted. The recombinant plasmids were transformed into Escherichia coli DH5a (Clonetech, Mountain View, CA, USA) and the inserted fragments were verified by DNA sequencing. The constructed pIE 2 -ALP2/APN1/cadherin plasmids were used to express ALP2, APN1 and cadherin, in Sl-HP cells, respectively. Recombinant plasmids including pIE 2 -ALP-GFP-GPI and pIE 2 -APN-GFP-GPI were constructed by inserting the GFP just before GPIanchored site. In addition, the plasmids pIE 2 -ALP-GPI-GFP, pIE 2 -Sig-GFP-ALP-GPI and pIE 2 -ALP-GFP-A9-GPI were also constructed. Sig-GFP-ALP-GPI indicated that the GFP was inserted just after the signal peptide of ALP. ALP-GFP-A9-GPI indicated that GFP was inserted at the front of the 9th amino acid residues before GPI-anchoring site. All primers used in this study are listed in Table 1 and the schematic figures are described in Fig. 1 . To investigate whether cadherin and ALP2 function coordinately, the mosaic genes were also constructed using ALP2 and cadherin. The schematic figures and the used primers are listed in Fig. 1 and Table 1 .
Insect cells were seeded onto sterile microscope coverslips (13-mm diameter) (Taikang Co., Shanghai, China) in a 24-well tissue culture plate (Corning, NY, USA) and grew over night. A transfection mixture was prepared by mixing plasmid DNA (1 lg) and Cellfectin reagent (Life Technologies Co., Carlsbad, CA, USA) (2 ll). The transfection mixture was incubated for 30 min at room temperature before use. Medium was removed from the seeded cells, and the cells were washed twice with serum-free medium, then transfection mixture supplemented with serumfree medium was gently added. The cells were then incubated with plasmid for 5 h at 28°C. After the indicated incubation time, the cells were washed twice with medium. Finally, cells were incubated with Grace , s insect cell medium supplemented with 10 % FBS. The cells were observed under a fluorescence microscope (Nikon, Tokyo, Japan) and photographed at 24 h of post transfection.
Live cell-immunofluorescence staining of the expressed receptors in Sl-HP cells Sl-HP cells were seeded onto sterile microscope coverslips (13-mm diameter) in a 24-well tissue culture plate and grew over night. The cells were then transfected with plasmids as described above and cultured for 24 h at 28°C. After the indicated incubation time, the cells were washed twice with phosphate-buffered saline (PBS) (1 mM Na 2 HPO 4 , 10.5 mM KH 2 PO 4 , 140 mM NaCl, 40 mM KCl, pH 7.4). The cells in each well were incubated with various mouse primary antibodies (anti-ALP2 polyclonal serum prepared by ourselves or commercial anti-GFP monoclonal antibody) (Earthox, San Francisco, CA, USA) at room temperature for 1 h. After incubation, cells were washed three times with PBS, fixed with 4 % paraformaldehyde and incubated with goat anti-mouse fluorescent immunoglobulin G (IgG) (Earthox, San Francisco, CA, USA), as a secondary antibody (1:1,000 diluted in PBS containing1 % BSA) for 30 min at room temperature. Finally, the cells were washed with 19 PBS, mounted in buffered glycerol under a coverslip, observed under a fluorescence microscope, and photographed.
Western blotting analysis
Sl-HP cells were transfected with each recombinant plasmid as described above and collected at 24 h of post transfection. Then the cell pellet was washed with PBS and suspended in SDS-PAGE sample buffer, and the samples were then separated on a SDS-10 % polyacrylamide gel. After electrophoresis, proteins were electrotransferred to PVDF membrane (Millipore Corporation, Billerica, MA, USA). The membrane was blocked with 5 % non-fat milk in TBS-T buffer for 2 h at room temperature, and then incubated with mouse anti-ALP2 antibody (prepared in the lab) at a 1:1,000 dilution or incubated with mouse anti-GFP antibody (Abcam, Cambridge, UK) at a 1:3,000 dilution in TBS for 2 h at room temperature. The membranes were then washed for three times with TBS-T and then incubated with fluorescent secondary antibody (Earthox, San Francisco, CA, USA) at a 1:5,000 dilution. Finally, the membranes were washed for three times with TBS-T and then bands were visualized using the Odyssey system (LI-COR Bioscience, Lincoln, NE, USA).
Cry1Ac toxin binding
Sl-HP cells were seeded onto sterile microscope coverslips (13-mm diameter) in a 24-well tissue culture plate and grew overnight. The cells were then transfected with plasmids described above. At 24 h of post transfection, Grace , s insect cell medium supplemented with 10 % FBS was removed, and the cells were washed gently twice with PBS (pH 7.4), and overlaid with 400 ll of activated Cry1Ac (gift from Marianne Pusztai-Carey at the Case Western Reserve University) in PBS at various concentrations (double dilution) and incubated for a period of 30 min. Following three times washes with 19 PBS, the cells were then fixed in icecold 4 % paraformaldehyde solution for 20 min. Next, the fixed cells were washed 3 times with 19 PBS and then blocked with 1 % BSA for 1 h at room temperature. After blocking, the cells were washed with PBS and then incubated with rabbit anti-Cry1Ac (1:500) (prepared in the lab) in PBS containing 1 % BSA at room temperature for 1 h. After washing three times with PBS, the cells were incubated with goat anti-rabbit fluorescent IgG (Earthox, San Francisco, CA, USA) as a secondary antibody in PBS (1:5,000) containing 1 % BSA for 1 h at room temperature. Finally, the cells were washed twice with 19 PBS, mounted in buffered glycerol under a coverslip, observed under a fluorescence microscope, and photographed.
Cytotoxicity assays of the activated Cry1Ac to insect cells expressing recombinant or mosaic receptors Sl-HP cells and Hi5 cells were seeded onto steriled coverslips placed in 24-well cell culture plate and grew overnight. They were transfected with plasmids expressing recombinant or mosaic receptors, respectively. At 24 h of post transfection, Grace , s insect cell medium was removed, and the cell was washed gently twice with PBS (pH 7.4) and overlaid with 400 ll of activated Cry1Ac in PBS at various concentrations. After a period of 1 or 0.5 h of incubation with the activated Cry1Ac, the cells were observed under a light microscope or fluorescence microscope. 
Statistical analysis
Data are expressed as means ± standard deviations of at least three independent experiments. p \ 0.05 was considered statistically significant.
Results
Expression and location of various ALP2 fusion proteins in Sl-HP cells Native ALP2 is a GPI anchored protein tethered to the brush border membrane surface. To monitor the location of ALP2 fused with GFP on cells, we constructed four plasmids expressing various ALP2 fusion proteins in Sl-HP cells. Western blot analysis revealed that four predicted fusion proteins were readily detected using anti-GFP or anti-ALP2 antibody as primary antibody (Fig. 2a, b) . The location of the fusion proteins on cell membrane was also further confirmed via the live cell-immunofluorescence staining using commercial mouse anti-GFP monoclonal antibody or rabbit anti-ALP2 polyclonal antibody as primary antibody (Fig. 2c, d) . No significant differences of fluorescence distribution was observed between the cells expressing ALP2 fused with GFP and the ones expressing ALP2 without any label, demonstrating that the insertion of GFP into ALP2 had no significant influence on the location of ALP2 on cell membrane.
Expression and location of recombinant APN1 and cadherin in Sl-HP cells Since ALP-GFP-GPI was located on cell membrane as described above, the plasmid pIE2-APN-GFP-GPI was constructed to test its localization. When this plasmid was transfected into Sl-HP cells, as shown in Fig. 3 , the APN-GFP-GPI fusion protein was also localized on the cell membrane. Cadherin is a transmembrane protein. To detect its localization, the pIE2-cadherin-GFP was constructed by adding GFP directly to the carboxyl terminus of cadherin. Similarly, when the plasmid pIE2-cadherin-GFP was transfected into Sl-HP cells, cadherin-GFP fusion protein was also localized on the cell membrane (Fig. 3) . The expressed cadherin-GFP was also detected by Western blot assay using anti-GFP antibody as primary antibody and the molecular weight of the fusion protein was consistent with the predicted size (data not shown).
Binding of the activated Cry1Ac to recombinant ALP2, APN1 and cadherin on cell membrane
The lowest concentration of the activated Cry1Ac killing Sl-HP cells without transfection or expressing only GFP was determined under light microscope, and the activated Cry1Ac-treated cells began to swell at the lowest concentration of 2 lg/ml at 1 h post treatment. No significantly morphological change was observed when the concentration of the toxin was at 1 lg/ml, but many cells swelled at the concentration of 4 lg/ml at 1 h of post treatment with the toxin. To investigate the interaction between the activated Cry1Ac and the recombinant ALP-GFP-GPI, APN-GFP-GPI or cadherin-GFP, Sl-HP cells expressing these GFP fusion proteins were incubated with the activated Cry1Ac toxin for 30 min at the concentrations between 0.04 and 2 lg/ml using double dilution method. After three times washes with PBS, the cells were fixed with 4 % paraformaldehyde and immunofluorescence assay was performed using the rabbit anti-Cry1Ac as a primary antibody. As shown in Fig. 4 , the relative quantity of activated Cry1Ac binding to cadherin-GFP was much higher than that binding to APN-GFP-GPI or ALP-GFP-GPI under the treatment of the activated Cry1Ac at 0.04 lg/ml for 30 min. Even if the concentration of the activated Cry1Ac increased up to 2 lg/ml, no significant CryAc-binding to APN-GFP-GPI or ALP-GFP-GPI was observed (data not shown). Similar results were obtained when Sl-HP cells expressing ALP2, APN1 and cadherin without fused GFP were used for the live cell-immunofluorescence staining (data not shown). Thus, the binding affinity of ALP2 and APN1 to the activated Cry1Ac was much lower than that of cadherin to this toxin.
The effects of the three recombinant receptors on the cytotoxicity of the activated Cry1Ac to Sl-HP cells
To investigate the influences of the three recombinant receptors on the cytotoxicity of the activated CryAc to Sl-HP cells, the cells expressing cadherin-GFP, ALP-GPI-GFP, or APN-GFP-GPI were subjected to exposure to the activated Cry1Ac toxin in the range of 0.01-1 lg/ml. At 1 h of post incubation with the toxin, microscope observation of the cells revealed that only the cells expressing cadherin-GFP showed aberrant cell morphology when the concentration of the toxin was 0.04 lg/ml using double dilution method (Fig. 5a) , while the cells expressing APN-GFP-GPI or ALP-GFP-GPI showed no significant morphological change even though the concentration of the toxin increased up to 1 lg/ml. Concentrations of activated Cry1Ac resulting in swelling of 50 % cells expressing Fig. 3 Expression and location of APN1 and cadherin fused with GFP in Sl-HP cells. The cells expressing the fluorescence proteins were fixed and stained with Hoechst 33258 (Sigma-Aldrich Co.) at 24 h of post-transfection. Then they were subjected to observation using fluorescence microscope. The fused proteins were abundant on cell membrane and partial fused proteins were located in cytoplasm in the form of small dots fluorescently tagged proteins were determined using the double dilution method and the results revealed that the expression of APN1-GFP-GPI or ALP2-GPI-GFP did not enhance the cytotoxicity of activated Cry1Ac to Sl-HP cells in comparison with the expression of GFP (control) ( Table 2 ). Considering that GFP might have influences on the action of ALP2, APN1 and cadherin, Sl-HP cells were also, respectively, transfected with plasmids expressing ALP2, APN1 and cadherin without GFP tag. The similar results were obtained at a concentration of activated Cry1Ac of 0.04 lg/ml (Fig. 5b) . Percentages of the aberrant cells were calculated after the treatment of GFP, ALP 2, APN1 or cadherin-expressing Sl-HP cells with activated Cry1Ac, and the results revealed that the percentages of aberrant cells increased very slightly when ALP2 and APN1 were expressed in comparison with the control groups in which GFP was expressed (Table 3 ). The removal of GFP tag from cadherin-GFP did not significantly increase the cytotoxicity of activated Cry1Ac to Sl-HP cells (Tables 2  and 4) .
When ALP-GFP-GPI or APN-GFP-GPI was coexpressed with cadherin-mCherry in Sl-HP cells, light microscope examination revealed that although the efficiency of the co-transfection was high (about 50-60 %), no enhancement of the cadherin-mediated cytotoxicity of the activated Cry1Ac to Sl-HP cells was observed in any cases (Fig. 6) . Considering that the fused GFP might block the insertion of the activated Cry1Ac on cell membrane, APN1 or ALP2 was also co-expressed with cadherin-GFP in Sl-HP cells, and the results of cytotoxicity were similar to that described above (data not shown). Concentrations of activated Cry1Ac resulting in swelling of 50 % cells were determined and the results showed that the co-expression of the receptors did not increase cytotoxicity of activated Cry1Ac to Sl-HP cells in comparison with the single expression of cadherin (Table 5) .
Taken together, whatever APN1 or ALP2 fused with or without GFP were, respectively, expressed or co-expressed with cadherin in Sl-HP cells, no significantly enhanced cytotoxicity of activated Cry1Ac was observed.
ALP-GFP-GPI inserted with Cry1Ac binding region of cadherin was located on cell membrane but no significant binding of the mosaic receptor to the activated Cry1Ac was observed When ALP-GFP-GPI inserted with Cry1Ac toxin binding region of cadherin (TBR) was expressed in Sl-HP cells, the live cell-immunofluorescence stainging revealed that the mosaic protein was located on the cell membrane ( Fig. 7 a1-a3) . However, the binding of the mosaic receptor to the activated Cry1Ac was not observed under fluorescence microscope at the activated Cry1Ac concentrations of 0.04 lg/ml for 30 min (Fig. 7b ) and no significant cytotoxicity was observed at the concentrations of 0.04 lg/ml at 1 h of post treatment of the activated Cry1Ac (Fig. 7c1) .
The replacement of C terminus of cadherin with GFP-GPI from ALP-GFP-GPI did not result in the location of the mosaic protein on the cell membrance
The truncated cadherin gene without the transmembrane region and cytoplasmic region was produced by PCR, and the GFP-GPI of APN1-GFP-GPI produced by PCR was linked to the C terminus of the truncated cadherin gene. A plasmid was constructed for the expression of the mosaic protein tcad-GFP-GPI (Fig. 1) . The tcad-GFP-GPI was not located on the cell membrane (Fig. 7d1, d2 ).
The susceptibility of the noncadherin-expressing Sl-HP cells to the activated Cry1Ac was higher than that of the cadherin-expressing Hi5 cells
Since the concentration of the activated Cry1Ac for killing Sl-HP cells was much lower than that for killing Hi5 or Sf9 cells (Garner et al. 1999; Banks et al. 2003; Sivakumar et al. 2007) , we determined to compare the cytotoxicity of the toxin to Sl-HP and cadherinexpressing Hi5 cells. Double dilution method was used to determine the concentration of the activated Cry1Ac resulting in swelling of 50 % cells. Sl-HP and Hi5 cells with transfection or without were treated with the toxin at various concentrations (double dilution in PBS) for 1 h, and observed under an inverted fluorescence microscope. The percentage of aberrant (swollen) cells was calculated as described in the part of materials and methods. The analysis revealed that the concentrations of the toxin resulting in swelling of 50 % cells were 5.08 ± 0.42 and more than 30 lg/ml, respectively, for Sl-HP and Hi5 cells without transfection (Table 6 ). The concentration of the toxin resulting in swelling of 50 % cells was 9.50 ± 1.21 lg/ml for Hi5 cells expressing cadherin-GFP (Table 6 ). Thus, Sl-HP cells without expression of recombinant cadherin were more susceptible to the activated Cry1Ac than Hi5 cells expressing recombinant cadherin-GFP.
Discussion
One of the current proposed models for Cry intoxication supports sequential interactions of Cry toxins with diverse binding proteins. Both APN and ALP have Table 3 Percentages of the aberrant cells after the treatment of GFP, ALP 2 and APN1-expressing Sl-HP cells with activated Cry1Ac
Percentages of the aberrant cells (%)
Toxin concentrations (lg/ml) 1.25 2.50 5.00 10.00 20.00 GFP 3 ± 2 3 6± 4a* 84 ± 4 9 6± 2 9 8± 1 ALP2 2 ± 1 6 6± 7b 83 ± 4 9 8± 1 9 8± 1 APN1 4 ± 2 5 8± 6b 87 ± 3 9 5± 2 9 8± 1
The efficiency of transfection for the cells was about 50-60 % according to the percentage of the cells emitting green fluorescence after the transfection with the GFP-expressing plasmid * The different letters represent significant differences at p \ 0.05. Percentage of the aberrant cells = number of the aberrant cells/ number of total cells been proposed to bind Cry toxins after they interact with cadherin-like proteins , and the affinity of interaction between Cry toxins and APN is very low before binding of Cry toxins to cadherin because cadherin can mediate the processing of the toxins (Pacheco et al. 2009 ). However, in the present study, the co-expressed ALP2 or APN1 did not enhance cadherin-mediated cytotoxicity of the activated Cry1Ac to Sl-HP cells. Thus, in the present studies, cadherin might not enhance the binding of activated Cry1Ac to ALP2 or APN1 on cell membrane of Sl-HP cells. Zhang et al. (2005) reported that cadherin specifically mediated the incorporation of CryAb into cell membrane at monomeric form, which was cytotoxic, but non-specific binding mediated the incorporation of the toxin into cell membrane at the oligomeric form, which is not cytotoxic at the low or modest concentration of the toxin. However, we have demonstrated that the activated CryAc was also cytotoxic to Sl-HP cells without recombinant cadherin expression at a relatively low concentration of 5.08 lg/ml in this study, which was lower than that killing cadherinexpressing Hi5 cells, suggesting that there is an unknown mechanism for the susceptibility of Sl-HP cells to activated Cry1Ac.
It has been reported that the native non-denatured cadherin and APN1 can bind to activated Cry1Ac except ALP from Manduca sexta in vivo assay (Flores-Escobar et al. 2013 ), but some insect cell-expressing recombinant APNs lost the ability of binding to toxin or mediating cytotoxicity (Garner et al. 1999; Banks et al. 2003) . The possible mechanism might be that the recombinant APN or ALP can not receive proper glycosylation. However, Wang et al. (2005b) suggested that glycosylation may not be required for this interaction because they expressed APN in E. coli, which showed binding to Cry1Ac with ligand blot analysis (no glycosylation occurred in E. coli. Another possibility is that there are many types of ALPs and APNs in insects, but only some of them function as Cry1Ac receptors. Tiewsiri and Wang (2011) reported that the alteration of the two APNs expression in T. ni was associated with the high level of resistance even if other APNs and cadherin were expressed normally. Thus, the analysis of the activities and the structure of the recombinant expressed APNs and ALPs might be required to confirm that the recombinant expressed receptors are comparable to the purified native proteins from midgut cells of larvae.
In our previous studies, ligand blot and dot blot analysis revealed that the activated Cry1Ac bound to both denatured and native purified H. armigera ALP2 (Ning et al. 2010) . It also has been reported that all Cry1Aa, Cry1Aab and Cry1Ac could bind to Hi5-expressing APN1 from H. armigera (Rajagopal et al. 2003) . In the present experiments, we found that the The cells under fluorescence microscope; a2 live-cell immunofluorescence staining of the cell using anti-GFP antibody as a primary body; a3 merged; b1 ALP2-TBR-GFP-GPI expressing cells treated with activated Cry1Ac at 0.08 lg/ml for 1 h; b2 live-cell immunofluorescence staining of the cells treated with activated Cry1Ac at 0.08 lg/ml for 1 h, using anti-Cry1Ac antibody as primary body; b3 merged; c1 ALP2-TBR-GFP-GPI expressing cells treated with activated Cry1Ac at 0.08 lg/ml for 1 h, showing no swollen cells; d1 tcadherin-GFP-GPI expressing cells under fluorescence microscope; d2 live-cell immunofluorescence staining of the tcadherin-GFP-GPI expressing cells treated with activated Cry1Ac at 0.04 lg/ml for 0.5 h at 24 h of post transfection, using anti-GFP antibody as a primary antibody binding of Sl-HP cells expressing H. armigera APN1 or ALP2 to the activated Cry1Ac was very weak on the cell membrane in vitro assay, which showed no significant cytotoxicity at the indicated Cry1Ac concentration, compared to that expressing H. armigera cadherin. It seems that the analysis of ligand blot is not comparable with that of binding of living cells to the toxin. The baculovirus-expressing APN1 in Sf21 could mediate cytotoxicity of the activated Cry1Ac to the cell line (Sivakumar et al. 2007 ). But we do not know how much the cytotoxicity of activated Cry1Ac increased because no LC 50 was calculated for the APN1-expressed cells and the control cells. In our studies, it is true that the expression of APN1 or APL2 without tag slightly increased the cytotoxicity of activated Cry1Ac (Table 3) . However, the increase can be disregarded in comparison with that caused by the expression of cadherin. Considering Sl-HP cells without recombinant cadherin expression is much more susceptible to the toxin than Hi5 cells expressing cadherin or APN1, we thought that these different results might be due to the different cell lines used or different experimental conditions, and the unknown endogenous Cry1Ac receptor(s) in Sl-HP cells might mask the functions of recombinant APN1 and ALP2. Additionally, both cadherin and ABCC transporter proteins can mediate toxicity of activated Cry1Ac without APN1 and ALP2 (Ganhan et al. 2001 (Ganhan et al. , 2010 , suggesting that the roles of APN1 and ALP2 are needed to be further studied in the model of Bt action. More investigation is required to elucidate the roles of H. armigera APN1 and ALP2 during the development of resistance of Bt in H. armigera populations.
It has been reported that both cadherin extracellular and intracellular mutations can result in the development of Cry1Ac resistance in H. armigera (Morin et al. 2003; Zhang et al. 2012) . In order to further investigate the influence of the transmembrane region of cadherin on Cry1Ac resistance, mosaic receptors were expressed. When the cytosolic and the transmembrane regions were replaced with the GFP-GPI of APN-GFP-GPI, the expressed mosaic protein (tcadherin-GFP-GPI) accumulated in cytoplasm (possibly in vacuoles), and no membrane-bound mosaic protein has been observed using live-cell-immunofluorescence staining. The results suggest that the signal peptide of cadherin and GPI modification signal of ALP2 are not sufficient for the location of the mosaic protein on cell membrane.
ALP-GFP-GPI inserted with Cry1Ac binding region of cadherin (TBR) was located on cell membrane, but no binding of it to the activated Cry1Ac was observed on the cell membrane. The mechanism might be that the TBR can not be folded correctly, or exposed to the surface when it was inserted into ALP-GFP-GPI even if the linkers were added at the junctions of TBR. It also suggests that the mutation of cadherin outside the TBR might result in the development of Bt resistance through affecting the bind of TBR to the activated toxin.
The concentration of activated Cry1Ac resulting in swelling of 50 % Sl-HP cells (5.08 lg/ml) is much lower than that of Cry1Ab (100 lg/ml) damaging mammalian kidney 293T cells within 1 h (Mesnage et al. 2013 ). Although it is well known that activated Cry1Ab can damage the midgut cells of susceptible larvae, it has no effects on viability of cultured porcine intestinal cells (Bondzio et al. 2013) . No membraneous changes were observed on the bovine, porcine, and human intestinal cells, but the silkworm midgut cells developed severe membrane potential changes within 1 h following the activated Cry1Ab toxin treatment at a final concentration of 2 lg/ml (Shimada et al. 2006) . Although both Sl-HP and Hi5 cell lines were established from ovaries, Sl-HP cells without the expression of the recombinant Cry1Ac receptors are more susceptible than Hi5 cells expressing the recombinant cadherin (5.08 vs. 9.50 lg/ml), and the (Garner et al. 1999; Sivakumar et al. 2007; Banks et al. 2003) . The data suggest that there might be endogenous Cry1Ac receptor(s) in Sl-HP cells. In the future, analysis of transcriptome of Sl-HP cells is needed to investigate the mechanism for the susceptibility of Sl-HP cells to activated Cry1Ac.
